Next-generation DNA sequencing has revolutionized the study of biology. However, the 35 short read lengths of the dominant instruments complicate assembly of complex genomes 36 and haplotype phasing of mixtures of similar sequences. Here we demonstrate a method 37 to reconstruct the sequences of individual nucleic acid molecules up to 11.6 kilobases in 38 length from short (150-bp) reads. We show that our method can construct 99.97%-39 accurate synthetic reads from bacterial, plant, and animal genomic samples, full-length 40 mRNA sequences from human cancer cell lines, and individual HIV env gene variants 41 from a mixture. The preparation of multiple samples can be multiplexed into a single 42 tube, further reducing effort and cost relative to competing approaches. Our approach 43 generates sequencing libraries in three days from less than one microgram of DNA in a 44
Introduction 46
The short-read assembly paradigm currently dominates genomics (Margulies et al. 2005; Bentley et al. 2008 ). However, the loss of linkage information during the generation of 48 short reads limits their utility. In particular, short reads are insufficient to phase the 49 haplotypes of individuals within mixtures of similar sequences, including polyploid 50 chromosomes (Consortium et al. 2011; Jia et al. 2013 ), viral quasispecies (Acevedo et al. 51 5 of input nucleic acid types. In contrast to competing approaches, our method requires no 69 specialized equipment or proprietary software and is carried out in a single tube. We 70 demonstrate generalizability by assembling synthetic reads from a range of samples 71 including genomic DNA from bacteria, plants, and an animal, mRNA isolated from 72 human cancer lines, and mock viral patient samples. We validate 99.97%-accurate 73 synthetic reads up to 11.6 kb in length, and show their utility for improving a plant draft 74 genome assembly. We show that the preparation of multiple samples can be multiplexed 75 into a single tube, further reducing effort and cost relative to competing approaches. 76
Finally, using synthetic reads, we directly observe up to thirty-five splice junctions in an 77 individual mRNA and individual haplotypes from mixtures of highly similar molecules 78 with a low rate of chimera formation. 79 80
Results

81
The approach is illustrated schematically in Figure 1A . DNA fragments of lengths up to 82 20 kb are appended at each end with adapters containing a degenerate barcode region 83 flanked by defined sequences, such that every target fragment becomes associated with 84 two unique barcodes. PCR with a single primer produces many copies of each target 85 molecule along with its two associated barcodes. The priming sites are removed and a 86 single break (on average) is enzymatically induced in each copy to expose regions of 87 unknown sequence at the newly created ends. Those regions are brought into proximity 88 with the barcode at the opposite end of each fragment by intramolecular circularization 89 ( Fig. S1 ). Next, the molecules are linearized and a sequencing-ready library compatible 90 with the Illumina platform is prepared ( Supplementary Fig. 2 ). The resulting short reads 91 6 begin with the barcode sequence and continue into the unknown region. Following 92 sequencing, reads are grouped by common barcodes. The two distinct barcodes appended 93 to each target molecule can be identified and paired ( Fig. 1A, Supplementary Fig. 3) , 94 allowing the two barcode-defined groups derived from the two ends of the original 95 fragment to be combined. The read groups are assembled independently and in parallel to 96 reconstruct the full sequences of the original DNA molecules. 97
98
To validate the accuracy of the synthetic long reads, we prepared sequencing libraries 99 from genomic DNA isolated from E. coli MG1655. Illumina 150-bp paired-end reads 100 were trimmed to remove barcodes, adapter sequences, and regions of low quality, and 101 sorted into barcode-delineated groups. When aligned to the MG1655 reference genome, 102 more than 80% of the reads in each barcode group aligned to the same 10-kb region. The 103 coverage distribution across the region was non-uniform, dropping off with distance from 104 the barcoded end ( Fig. 1B) . A total of 1,215 barcode pairs were identified and their read 105 groups merged. Because coverage from one barcode is high in the region of the target 106 molecule where coverage from its partner is low, merging groups not only increases but 107 also evens the coverage across the target. After barcode pairing, 2,792 read groups 108 contained at least fifty read pairs. Independent de novo assembly of each group yielded 109 2,878 synthetic reads of length greater than 1 kb ( Fig. 1C , Supplementary Table 1) , with 110 the longest reaching 11.6 kb. Barcode pairing improved the N50 assembly length and 111 reduced the number of redundant synthetic reads ( Supplementary Fig. 4 and 5). To 112 determine the fidelity of assembly, synthetic reads longer than 1.5 kb were aligned to the 113 MG1655 reference genome (Hayashi et al. 2006 ). The mismatch rate within the aligned 114 7 regions of the synthetic reads was 0.04% ( Supplementary Table 2 ). Errors were more 115 common at the ends of the synthetic reads, where short-read coverage was low ( Fig. 1D  116 and Supplementary Fig. 6 ). When 100 nucleotides were trimmed from each end of the 117 synthetic reads, the mismatch rate dropped to 0.03%. Transition mutations (C/T and A/G) 118 made up 75.6% of all mismatches, suggesting that the PCR amplification step is the 119 dominant source of error (Dunning et al. 1988) . 120
121
We further evaluated our method with genomic DNA isolated from higher organisms 122 with well-developed draft genome assemblies. Supplementary Fig. 7 ). 97.3% of the synthetic reads 131 aligned to the draft reference genome ( Supplementary Table 3 ). 132
133
Having validated the method, we used synthetic long reads to improve a shotgun 134 assembly of the genome of Gelsemium sempervirens, an ornamental and medicinal plant 135 species with an estimated genome size of 312 Mb. A draft assembly was first created 136 from 161.4 million Illumina whole-genome shotgun reads. We then prepared a barcoded 137 8 library and assembled 111,054 synthetic reads longer than 1.5 kb ( Fig. 1E and 138 Supplementary Fig. 8 ), with an assembly N50 length of 4.3 kb ( Supplementary Table 1 ). 139 A total of 397.8 Mb of synthetic reads ( Supplementary Table 4 ) were used to scaffold the 140 assembly. Incorporation of synthetic reads improved the assembly from 25,276 contigs 141 with an N50 contig length of 19,656 bp to 18,106 scaffolds with an N50 scaffold length 142 of 29,078 bp (Table 1) . Maximum contig length also increased, from 198 kb in the 143 shotgun assembly to 366 kb in the synthetic read assembly. Assembly quality metrics 144 generated with the CEGMA pipeline ( Supplementary Table 5 ) and by alignment of 145 cleaned RNA-seq reads ( Supplementary Table 6 protocol makes it possible to prepare a library in a single tube. We further exploited this 151 property to allow multiple samples to be combined and prepared in the same mixture, 152 yielding considerable savings in cost and time. To accomplish this, we modified the 153 adapters to include multiplexing index sequences between the PCR priming region and 154 the molecule-specific barcode ( Fig. 1f , Supplementary Fig. 9 ). Genomic DNA from each 155 of twenty-four laboratory-evolved E. coli strains (Souza V et al. 1997 ) was isolated, 156 sheared to 6-10 kb, ligated to adapters containing both a multiplexing index unique to 157 each strain and a molecule-specific barcode, and amplified by PCR. Purified PCR 158 products were then mixed and the remainder of the library preparation protocol was 159 performed on the single mixed sample. Sequencing reads were demultiplexed by project 160 9 according to standard 6-bp index read, then further demultiplexed by strain according to 161 the barcode-adjacent multiplexing index identified in the forward read, sorted by barcode, 162 and assembled in parallel ( Supplementary Fig. 10 , Supplementary Table 7 ). The summed 163 lengths of the synthetic reads longer than 1 kb exceeded twofold genome coverage for 164 sixteen out of the twenty-four strains, with a median genome coverage of 2. We next asked whether our method could be extended to applications beyond genome 175 assembly and phasing. In RNA-seq experiments, the presence of transcripts resulting 176 from multiple splicing events must be inferred statistically because individual reads are 177 too short to regularly span multiple splice junctions. We used synthetic long reads to 178 directly observe multiply spliced messenger RNA isolated from human cancer cells. We 179 modified the Smart-seq2 method (Picelli et al. 2013 ) to incorporate adapters with 180 molecule-specific barcodes during the reverse transcription and second-strand synthesis 181 steps ( Supplementary Fig. 11 ). The barcoded cDNA product was amplified, broken, 182 circularized, and prepared for sequencing. From mRNA isolated from HCT116 and 183 10 HepG2 cells, we assembled 28,689 and 16,929 synthetic reads, respectively, of lengths 184 between 0.5 and 4.6 kb (Fig. 2) . Approximately 97% of the splice junctions captured by 185 the synthetic long reads have been observed previously ( Fig. 2C , Supplementary Tables  186   9-11) . In contrast to conventional RNA-seq reads, synthetic reads spanned multiple splice 187 junctions ( Fig. 2C, Supplementary Fig. 12 First, to demonstrate the ability to resolve and haplotype individual genes, we generated 209 barcoded reads from a mixture of plasmids. As expected, each barcode-defined group of 210 reads was dominated by sequences unique to a single parent ( Supplementary Fig. 14) . 211
Next, we demonstrated viral haplotyping by sequencing a mixture of two env gene 212 variants. Env is an HIV gene that encodes the envelope glycoprotein, which triggers 213 infection by binding CD4 and a co-receptor (either CXCR4 or CCR5) and is the primary 214 target for HIV vaccine development (Burton et al. 2004) . A large fraction of the de novo-215 assembled synthetic long reads approached the expected full length of 3 kb (Fig. 3A) . We 216 were able to unambiguously identify 1,157 out of 1,173 (98.6%) assembled and cleaned 217 sequences as one or the other of the two variants. The sixteen outlier reads that do not 218 map to one of the two clusters ( Fig. 3C ) have high mismatch rates against both parent 219 sequences, rather than intermediate mismatch with both as would be expected of chimeric 220 sequences. These results indicate accurate assembly and minimal chimera formation, and 221 we conclude that the method is suitable to detect rare individual viral genomes harboring 222 distant interacting loci. 223
224
Discussion 225
We have demonstrated a versatile approach to assemble individual DNA sequences from 226 mixed-population short-read data from a variety of DNA and RNA samples. Our 227 approach offers important advantages over competing synthetic read methods 228 ( Supplementary Tables 8 and 12 ). Many samples can be multiplexed and prepared for 229 12 sequencing in three days in a single tube with no custom equipment or specialized 230 expertise, providing significant benefits in cost and throughput. Our method can be 231 applied to a wider range of sample types than competing technologies, from genomic 232 fragments to uniform mixed populations, and its novel barcode pairing protocol yields 233 longer synthetic reads than previous circularization-based approaches. Table 1 ). The cost of synthetic long reads is justified by 239 additional linkage information, improved accuracy, and lowered resource demand 240 through parallelization of the computational pipeline. Synthetic reads will become 241 increasingly attractive as sequencing throughput increases and costs drop, further 242 justifying the exchange of quantity for quality. 243 244
Materials and methods 245
Library preparation for synthetic long read assembly. A 100 µL solution of two 246 oligonucleotides (oligos 1 and 2, Supplementary Table 13, Supplementary Table 13 ) were mixed, extended with oligo 354 2 ( Supplementary Table 13 ), and ligated to dT-tailed target fragments as above. The 355 library preparation protocol was carried out as above, except that the extra barcode-356 pairing steps were omitted. Limited-cycle PCR was performed with 1.25 µL of a 10 357 micromolar solution oligo 10 in addition to oligos 5 and 6 ( Supplementary Table 13 ). 358 359 Complexity determination. A key step in the protocol is the quantification of doubly 360 barcoded fragments prior to PCR. Doubly barcoded fragment concentration in this study 361 was estimated in three ways: quantitative PCR with a quenched fluorescent probe (probe 362 1, Supplementary Table 13 ), dilution series endpoint PCR, and quantification by next-363 generation sequencing. For the latter, barcoded molecules were purified and serially 364 diluted. Four dilutions were amplified with oligo 6 and four versions of oligo 11 365 ( Supplementary Table 13 ) containing different multiplexing index sequences. The 366 resulting products were mixed and sequenced with 50-bp single-end reads on an Illumina 367 18 MiSeq. Reads were demultiplexed and unique barcodes at each dilution were counted. 368
When combined with the multiplexed library preparation strategy, which enables further 369 demultiplexing on the basis of an index in the forward read, many samples can be 370 quantified in a single MiSeq run. 371 372 Library preparation for synthetic long read assembly from mRNA samples. Full-373 length reverse transcripts were prepared essentially as in (Picelli et al. 2014) , with 374 modified primers. The "oligo-dT primer" and "TSO primer" were replaced by oligo 12 375 and oligo 13 ( Supplementary Table 13 ), respectively. Barcoded full-length reverse 376 transcripts were then processed and sequenced as above, starting from the library 377 quantification step. 378 379 Mulitplexed sample preparation. Two E. coli strains were isolated from each of the 380 twelve recombination treatment populations in Souza et al. (Souza V et al. 1997) . 381
Genomic DNA was isolated from each of the twenty-four strains, sheared, end-repaired, 382 and dT-tailed as described above in separate tubes. Twenty-four barcode adapters 383 ( Supplementary Table 14 ), identical except for distinct 6-bp multiplexing index regions 384 adjacent to the barcode sequence, were prepared and ligated to the genomic fragments as 385 described above. Adapter-ligated DNA was PCR amplified as above. Purified PCR 386 products were quantified and equal amounts were combined into a single mixture. This 387 mixture was prepared for sequencing following the remaining steps of the above 388 
